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ABSTRACT 
 
Space charge has been a general concern related to the reliability and the lifetime of HVDC 
components. Recently, the researches on space charge characteristics and its impacts in solid 
insulating materials have attracted many attentions and been widely reported under DC 
electric fields. It has been found that the enhanced electric field due to space charge can 
accelerate ageing and lead to a permanent failure eventually. However, the insulation may 
withstand more complex stresses in converter transformers i.e. both AC voltage and DC 
voltage are applied on the second winding of converter formers. The space charge dynamics 
under this superimposed electric field is not well understood. In the presence paper, the space 
charge dynamics in the pressboard impregnated with different ageing statuses oil under pure 
AC voltage (50 Hz), pure DC voltage and AC/DC superimposed voltage have been 
investigated using the pulsed electroacoustic (PEA) technique with a fast data acquisition 
system. Space charge profiles were measured in insulation system consisted of either single 
layer oil impregnated pressboard or oil/oil impregnated pressboard. Two types of mineral oil 
(the fresh and the service aged) were used in this work. The results show that the amount of 
space charge under pure AC voltage is generally very small compared with DC voltage. 
However, when a small DC offset is superimposed with AC stress, homo charge injection 
(corresponding to the polarity of the DC offset) can be clearly observed. The charge amount 
and charge movement are evidently increased under the superimposed stress, particularly, in 
the fresh oil/pressboard insulation system. It has been found that the charge amount is 
generally larger under the superimposed stress than the sum of the pure AC and DC space 
charges, due to the non-linear space charge injection of the applied field. The impact of the 
superimposed AC/DC stress needs to be considered when designing, testing and operating 
converter transformers. 
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 1. Introduction  
With the increasing desire of energy consumption, HVDC power transmission plays a vital role in 
today’s power transmission system. The complex composite electric stresses severely threat the 
reliability of the HVDC equipment. The converter transformer is one of important and costly power 
apparatus in the line-commutated converter HVDC technique, which is widely utilized for the bulk 
power transmission. It is well known that the AC and DC superimposed voltages are applied on the 
valve winding of the converter transformer [1]. It has been reported that the superimposed AC and DC 
stresses can lead to a lower breakdown voltage of the oil-pressboard insulation (the main insulation of 
the converter transformer), compared with the pure DC condition.[2,3]  The space charge phenomenon 
is generally accepted as one of the major issue that can influence the dielectric performance by 
distorting the electric field distribution in the insulation system.[4] The space charge behaviour in oil-
pressboard/paper insulation system has been studied in the recent years[5-9]. However, compared with 
the DC voltage, very limited researches were done on the space charge behaviour under AC voltage in 
both polymeric materials and oil-cellulose materials.  The reasons could come from two aspects: firstly, 
the quantity of the space charge under AC fields is very small that is usually assumed to be much less 
problematic than that under DC field [10-13]; secondly, a very fast data acquisition system is essential 
for recording the space charge dynamics under the alternating electric field, particularly in the AC field 
with the power frequency (50 Hz or 60 Hz).  Moreover, in the practical applications, the insulation 
system is usually equivalent to an R-C network to determine the dielectric performance based on the 
conductivity and permittivity of the dielectrics.  The dielectric performance under AC and DC 
combined stress is usually obtained by combining the calculation of the AC and DC components 
separately [14].  This may not be sufficiently accurate as the dielectric materials usually could be non-
linear systems.  In fact, the research in [15] has already shown the significant space charge 
accumulation under the superimposed electric fields in the LDPE, compared with the sum of the DC 
impact and AC impact separately.  However, up to date no publications report the space charge 
behaviour in oil/pressboard insulation system subject to the superimposed stresses.  Therefore, this 
paper intends to reveal the space charge behaviour under the superimposed stress consist of an AC 
component (50 Hz) and a small DC component by using the PEA system with a fast data acquisition 
system. The impacts of the superimposed field on the space charge amount and movement are 
discussed. . 
2. Experiment 
2.1 Sample preparation 
Two types of oil are used in this work, as a comparison, to investigate the impact of oil status on AC 
space charge dynamics, including the fresh oil and the service aged oil. The pressboards used in this 
work are general available high density pressboards with 0.5 mm thick with the type of B 3.1 A 
(according to IEC 60641-3-1). The pressboards were cut into 10 cm in diameter to avoid flashover. The 
fresh oil was dried and degassed at 105 ᵒC for 24 hours in vacuum. Similarly, the pressboards were 
dried at 105 ᵒC for more than three days until the mass did not change. After that, the pressboards were 
immersed into the degassed fresh oil and aged oil separately under 60 ᵒC in vacuum for three days to 
make sure the pressboards were fully impregnated with oil. Then, the samples were natural cooled to 
the room temperature. The fresh oil samples and the aged oil samples were kept in the vacuum 
condition to avoid absorbing the water from the environment.  
TABLE I.  DIELECTRIC STATUSES OF THE SAMPLES 
 Fresh oil 
Fresh oil 
impregnated 
pressboard 
Aged oil 
Aged oil 
impregnated 
pressboard 
Resistivity 
(TΩm) 
7 140 0.1 0.3 
Relative 
Permittivity 
2.2 3.2 2.6 4.2 
Moisture 
(ppm) 
5  25  
Breakdown 
(kV/mm) 
32  21  
 
The dielectric properties of the samples are shown in Table I. The resistivity measurement is based 
on the recommendation of CIGRE A2/1.41 by a three-electrode measurement system at 10 kV/mm for 
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oil and impregnated pressboards. The moisture content of each type of oil was measured by Karl-Fisher 
titration after the degasing treatment. The permittivity was measured by Solartron with an electric field 
of 2 V/mm.  The DC breakdown test was under taken with two ball bearing electrodes (25 mm in 
diameter) with an oil gap of 2.5 mm, the ramping rate of the applied voltage was 100 V/s. All the 
measurements were carried out at the room temperature. 
2.2 Experimental setup 
In order to capture the fast space charge dynamics under the AC voltage with a frequency of 50 Hz, 
a faster data acquisition system is introduced to the PEA system, which consists of two essential 
component: a fast HV pulse generator (2 kHz) that allows to detect space charge under AC voltage with 
a frequency up to 100 Hz; and a high performance digital signal averager ‘Eclipse’ which has a 
maximum sampling frequency of 2 GS/s and a large memory to record/store huge amount of space 
charge data.  The whole experimental setup is illustrated in Fig.1.  The PEA signals are acquired and 
stored by the Eclipse in a high sampling frequency.  Finally these raw data are sent to the computer for 
signal processing. The detailed measurement system description and the procedures to determine the 
phase resolved space charge profiles are introduced in [16].  
   
Fig. 1. AC space charge measurement system.             Fig. 2.  Illustration of experiment measurement protocol. 
2.3 Measurement protocol 
The applied AC electric field is 9.6 kV/mm in r.m.s. Considering the amount of the AC space charge 
could be very small, the volts-off measurements are applied to verify the space charge build up.  As 
shown in Fig. 2, volts-on measurement means the AC voltage is continuously applied during the data 
acquisition process. Hence each volts-on measurement point is a series of space charge profiles with 
different phase angles in several power cycles. After each volts-on measurement, the applied external 
voltage is temporarily turned off.  The residual space charge in the sample can be measured in a short 
period (about 30s by using the normal oscilloscope with an average of 1024 times), named volts-off test.  
The external voltage is then turned back on immediately after the completion of the volts-off 
measurement.  The external voltage is applied for 1 hour, and after that, the voltage is permanently 
removed, and the decay of the space charge is measured.  All the measurements are completed at the 
room temperature. It has to be noticed that the volts-on results were measured by the Eclipse averager 
and the volts-off results were obtained by the normal oscilloscope.  
Fig. 3 and Fig. 4 demonstrate the space charge distribution in the single layer (0.5 mm thick 
pressboard sheet) fresh oil impregnated pressboard under a cycle of AC electric field of 9.6 kV/mm at 
0s and the superimposed field (9.6 kV/mm AC and +4.8 kV/mm DC) at 60 min, respectively. The 
phase angle can be correctly distinguished during the full cycle of the AC voltage with 50 Hz, however, 
the peaks of the top electrode are much smaller and boarder compared with the ground electrode, due to 
the severe acoustic attenuation. Moreover, some homo charges (corresponding with the polarity of the 
DC stress) can be observed in Fig.4. .  These demonstrations clearly show the PEA system with the fast 
data acquisition system can be successfully applied on the space charge measurement under the 
alternating voltage with the 50 Hz in the oil pressboard insulation system. Due to length limitation of 
the paper, the time dependant space charge profiles at the phase angle around 90º are shown in the 
further sections in this paper.  
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Fig. 3. Space charge in single layer fresh oil impregnated 
pressboard within a full cycle of AC field at 0s. 
Fig. 4. Space charge in single layer fresh oil impregnated 
pressboard within a full cycle of superimposed stress at 
60min. 
3. Results and Discussions 
3.1 Space charge under AC and DC superimposed electric field 
I) Space charge in the single layer oil impregnated pressboard 
A very small DC offset electric field (+4.8 kV/mm) is superimposed on the AC electric field (9.6 
kV/mm), which is generally believed below the threshold of the charge injection in the oil pressboard 
insulation system (the threshold means the space charge accumulation is dramatically increasing when 
the applied electric field is higher than a particular value).  The space charge profiles within a whole 
cycle of the superimposed stress are shown in Fig. 4 when the electric field application time is 60 min.  
The time dependent space charge dynamics at a phase angle of 86º is shown in Fig. 5.  It can be clearly 
observed that both of the peaks at the electrodes are moving towards to the middle of the pressboard, 
indicating the negative charge injection from the ground electrode and the positive charge injection 
from the top electrode.  This agrees with space charge dynamics in the single layer of impregnated 
pressboard under +15 kV/mm DC electric field [8], suggesting these charges may mainly result from 
the small DC offset, particularly, the positive charge injection (which has not been observed from the 
space charge profiles under the pure AC stress).   
The impacts caused by the aged oil on the space charge behaviour under the superimposed electric 
field are investigated as well, as shown in Fig. 6.  It shows the space charge dynamics at a phase angle 
of 81º that the DC stress and the AC stress are in the same polarity.  Significant negative charge 
injection from the ground electrode can be observed.  These negative charges can quickly move into the 
pressboard bulk and distribute in a broad region, which is different from the charges in the fresh oil 
sample where charges only distribute in a narrow vicinity of the two surfaces of the pressboard.   
  
Fig. 5. Volts-on results of space charge in single layer fresh oil 
impregnated pressboard under the superimposed stresses 
at 86º 
Fig. 6. Volts-on results of space charge in single layer aged oil 
impregnated pressboard under the superimposed stresses at 81º 
II) Space charge in the oil gap combined with pressboard insulation system 
Considering the practical condition in converter transformers, the space charge behaviour in the oil 
gap and pressboard composited insulation system under the superimposed stress is investigated.  The 
impacts caused by the aged oil is also discussed in this section.  
As shown in Fig. 7, the amount of space charge at a phase angle of 81º are greatly increased when 
an oil gap is introduced in the insulation system with fresh oil.  When a small DC stress (much smaller 
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than the threshold) is combined with the AC stress, large amount of the negative charges presence is 
observed at the oil/pressboard interface immediately after the application of the superimposed stress.  
This negative interfacial peak is quickly increasing to the maximum value (about 4.3 C/m
3
) within the 
first 5 min.  Compared with the space charge dynamics under pure DC electric field at 12 kV/mm in [9], 
the increase of the interfacial peak is much faster when the superimposed electric field is applied.  Then 
the peak value keeps decreasing which may result from the neutralization by the positive charges 
injected from the top electrode.  
When the aged oil is applied, the space charge behaviour becomes very complex and very fast, due 
to the large mobility of the charge carriers in the aged oil sample, as shown in Fig. 8.  It can be 
observed that the negative interfacial peak instantly reaches to the maximum value after the application 
the superimposed stress.  Then the interfacial peak keeps decreasing with the electric field application, 
suggesting a much faster charge movement in the aged oil samples. 
  
Fig. 7. Volts-on results of space charge in fresh oil combined 
with impregnated pressboard insulation system under the 
superimposed stress at 81º. 
Fig. 8. Volts-on results of space charge in aged oil combined with 
impregnated pressboard insulation system under the superimposed 
stress at 81º. 
3.2 Impacts of the AC and DC superimposed electric field on the total charge amount 
I) Single layer impregnated pressboard 
In this section, volts-off results of each sample under the pure AC field, DC field and the 
superimposed field are shown for the comparison of the amount the accumulated charges within the 
insulation system. 
   
Fig. 9. Volts-off results of space charge in 
single layer fresh oil impregnated 
pressboard under 9.6 kV/mm AC field. 
Fig. 10. Volts-off results of space charge 
in single layer fresh oil impregnated 
pressboard under 4.8 kV/mm DC field. 
Fig. 11. Volts-off results of space charge in 
single layer fresh oil impregnated pressboard 
under the superimposed field. 
Fig. 9 - Fig. 11 show the volts-off space charge dynamics in the single layer pressboard impregnated 
with the fresh oil under the pure 9.6 kV/mm AC field, the pure 4.8 kV/mm DC field and the 
superimposed field, respectively. Under pure AC stress (Fig. 9), it can be observed that the negative 
charges are accumulated in the narrow vicinity of the interface between the ground electrode and the 
pressboard, which also induce a positive peak with a similar charge density on the ground electrode.  
The peak of the accumulated charges keeps increasing with AC voltage application and reaches to 
about 0.3 C/m
3
 during 1 hour. Under the low DC field (Fig.10), small amount of homo charge injection 
can be observed in the pressboard.  Negative charges are quickly accumulated within the pressboard in 
aged oil sample, compared with the fresh oil sample under such low electric field.  The negative 
charges distribute in a broad region within the pressboard bulk with a peak value of 0.15 C/m
3
.  Little 
amount of positive charges have been observed in the vicinity of the top electrode/pressboard interface 
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with a peak value of 0.08 C/m
3
. When the superimposed field is applied (Fig. 11), the charge amounts 
of the both positive charges and negative charges are increased, with the peak value of 0.4 C/m
3
 and 
0.15 C/m
3
, respectively. 
On the other hand, the space charge profile of the volts-off measurement in the single layer of aged 
oil impregnated pressboard are shown in Fig.12- Fig.14. As shown in Fig. 12, the amount of the AC 
space charge in the aged oil sample is smaller than in the fresh oil sample. A smaller negative charge 
peak (about 0.08 C/m3) can be observed, compared with the fresh oil sample.  Moreover, the smaller 
positive charge peak (about 0.07C/m3) can be observed at the 60 min within the pressboard bulk.  This 
may suggest that the space charge within the aged oil sample may distribute in a much boarder area in 
the sample bulk due to the large mobility of the charges.  These injected charges could be overlapped or 
recombined in the pressboard bulk that is difficult to be distinguished due to the limited resolution of 
the PEA system, and only some oscillations can be detected. When subjected to a low DC field, as 
shown in Fig. 13, more homo charges, particularly negative charges, can be observed in the pressboard 
bulk, compared with the fresh oil sample. The accumulation of space charge is further increased when 
the sample is subjected to the superimposed field, as shown in Fig. 14. The peak value of the 
accumulated negative charges is about 0.5 C/m
3
, and these negative charges broadly distribute in the 
pressboard bulk. The amount of positive charges is also increased to about 0.2 C/m
3
. 
   
Fig. 12. Volts-off results of space charge 
in single layer aged oil impregnated 
pressboard under 9.6 kV/mm AC field. 
Fig. 13. Volts-off results of space charge 
in single layer aged oil impregnated 
pressboard under 4.8 kV/mm DC field. 
Fig. 14. Volts-off results of space charge in 
single layer aged oil impregnated pressboard 
under the superimposed field. 
II) Oil gap and pressboard combined insulation system 
When an oil gap is combined with the pressboard, the volts-off results under the three electric fields 
in the fresh oil sample and aged oil sample are shown in Fig. 15 to Fig. 20, respectively.  
As shown in Fig. 15 and Fig. 16, no obviously space charge accumulation can be observed in the 
insulation bulk under such low electric field in the fresh oil sample. However, the space charge 
accumulation is dramatically increased when the superimposed field is applied, as shown in Fig. 17. It 
can be observed that the negative interfacial peak quickly occurs at the oil/pressboard interface, and 
keeps increasing in the first 5 min.  Meanwhile, large amount of the positive charges can also be 
observed in the vicinity of the top electrode. This may suggest that the superimposed field can greatly 
enhance the charge injection and accelerate the charge movement.   
   
Fig. 15. Volts-off results of space charge 
in fresh oil combined with impregnated 
pressboard under 9.6 kV/mm AC field. 
Fig. 16. Volts-off results of space charge 
in fresh oil combined with impregnated 
pressboard under 4.8 kV/mm DC field. 
Fig. 17. Volts-off results of space charge in 
fresh oil combined with impregnated 
pressboard under the superimposed field. 
On the other hand, in aged oil sample, no space charge can be observed under the pure AC field, as 
shown in Fig. 18, while large amount of space charge can be observed under the DC field (Fig. 19). The 
negative interfacial peak quickly occurs after the application of the DC voltage, which increases to the 
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maximum value within the first 5 min.  Meanwhile, the positive charges are injected from the top 
electrode, and quickly move into the pressboard bulk towards to the oil/pressboard interface due to the 
large conduction of the aged oil.  The neutralization may occur in the vicinity of the oil/pressboard 
interface, leading to the gradual decrease of the interfacial peak.  When the superimposed field is 
applied, as shown in Fig. 20, the interfacial peak reaches to the maximum value immediately after the 
voltage application, and keeps decreasing during the 1 hour. Compared with the charge dynamics under 
the DC field, the charge movement is further accelerated by the superimposed field, as 5 min is required 
for the interfacial peak increased to the maximum value under the DC stress.  
   
Fig. 18. Volts-off results of space charge in 
aged oil combined with impregnated 
pressboard under 9.6 kV/mm AC field. 
Fig. 19. Volts-off results of space charge in 
aged oil combined with impregnated 
pressboard under 4.8 kV/mm DC field. 
Fig. 20. Volts-off results of space charge in 
aged oil combined with impregnated 
pressboard under the superimposed field. 
3) Comparisons of the total charge amount under the superimposed stress and the sum of AC and 
DC charge amount 
The summaries of the total charge amount in the each conditions mentioned above are shown in 
Fig. 21-Fig. 23.   
Fig. 21 compares the total charge amount within the fresh oil sample under the pure AC stress, pure 
DC stress, superimposed stress and the sum charge amount of the AC and DC space charge, 
respectively.  It can be observed that the charge amount under superimposed stress is generally larger 
than the direct charge sum of charge amount of AC and DC space charge, indicating the charge 
injection into the impregnated pressboard is non-linear.  Moreover, the charge amount at the 2 min is 
much larger under the superimposed stress than the others, suggesting the acceleration of charge 
injection caused by the superimposed stress. 
   
Fig. 21. Comparison of total charge amount 
in single layer fresh oil impregnated 
pressboard under various stresses. 
Fig. 22. Comparison of total charge 
amount in single layer aged oil 
impregnated pressboard under various 
stresses. 
Fig. 23. Comparison of total charge amount 
in oil gap combined with impregnated 
pressboard under various stresses. 
On the other hand, as shown in Fig.22, the acceleration of the charge injection caused by the 
superimposed stress cannot be observed as the charge mobility is generally enhanced by the aged oil.  
The differences of the total charge amount at the 60 min between the superimposed stress and the sum 
of the AC and DC space charge is much larger in the aged oil sample, compared with the fresh oil 
sample.  
As no AC space charge can be observed in the system, the charge amount under superimposed stress 
is compared with the pure DC stress in the oil gap composite with pressboard insulation system, as 
shown in Fig. 23.  For the fresh oil sample, the maximum total charge amount under pure DC stress is 
only about 3 nC at 60 min, while it is about 56.4 nC at 5 min of the application of the superimposed 
stress.  For the aged oil, the charge amount under the superimposed stress is slightly larger than the pure 
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DC stress.  However, the charge amount keeps deceasing under the superimposed stress due to the 
neutralization of the positive and negative charges with a very large mobility in the aged oil sample.  
Therefore, it is reasonable to assume that the maximum charge amount occurs at the very beginning of 
the voltage application. 
The results above generally validate the oil-pressboard insulation is a non-linear system from the 
point view of the total charge amount.  The charge amount under the superimposed stress is generally 
larger than the sum of the AC and DC space charge.  Moreover, the space charge movement can be 
significantly accelerated under the superimposed stress, particularly in the fresh oil sample. 
4. Conclusions 
In this chapter, the dynamics of the space charge in oil pressboard insulation system subjected to the 
superimposed AC (50 Hz) and DC stresses have been experimentally investigated using the PEA 
method with a fast data acquisition system.  Based on the observations and discussions of the space 
charge dynamics, this work for the first time revealed the characteristics of the space charge in oil 
pressboard under the superimposed stresses directly related with the operating condition in real life 
converter transformers.  The major conclusions can be drawn as follows: 
1. The accumulation of the space charge under pure AC electric field is generally very small 
compared with DC fields, which depends greatly on the charge mobility in the dielectrics.  In the single 
layer of the fresh oil impregnated pressboard, negative charges are distributed in a narrow vicinity of 
the ground electrode/pressboard interface.  And no space charge accumulation can be observed when an 
oil gap is combined with the pressboard.  
2. Homo charge injection (corresponding to the polarity of the applied DC field) can be observed by 
applying a small DC stress superimposed with the AC stress.  These accumulated charges could 
potentially enhance the electric field in the middle of the pressboard when the polarity of the 
superimposed AC field is same as the DC field. On the other hand, when the polarity of the 
superimposed AC field is opposite to the DC field, they could increase the electric field at the surface of 
the pressboard and across the oil gap.  
3. The total charge amount in the oil pressboard insulation system subjected to the superimposed 
electric field is generally larger than the sum of the charge amount in the same sample subjected to the 
DC component and the AC component, respectively.  Moreover, the space charge movement can be 
evidently accelerated by the superimposed stress, particularly, in the fresh oil gap and pressboard 
combined insulation system.  From the point view of the space charge characteristics, this difference 
validates that the superimposed stress will cause more significant impacts than the sum of the AC space 
charge and the DC space charge in the oil pressboard insulation system 
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